The toxic effects of citrinin in turkeys and ducklings was studied in four trials. Citrinin dissolved in dimethyl sulfoxide-70% ethanol solution (3: 1, volume/volume) was administered by gavage to male turkey poults and male white Pekin ducklings. When seven-day-old ducklings were given doses of citrinin between 30 to 110 mg/kg body weight, most of the treated ducklings which died (49/80) did so within four to 12 hours. Blood samples were collected sequentially at 3, 6, 12, and 24 hours after administration from seven-day-old ducklings given the single lethal dose (LD50). The alterations included hyperkalemia (P I 0.01) and metabolic acidosis characterized by reduced blood pH (P I 0.01) and base excess (P 5 0.01). Fourteen-day-old turkeys and ducklings given 56 or 57 mg/kg, respectively, were killed at 1, 3, 6, 12, 24, 48, and 72 hours after treatment. The principal alteration in both species was nephrosis that was more severe in turkeys than in ducklings. Tubular necrosis was the dominant lesion at three to 72 hours in turkeys and at six to 24 hours in ducklings. Hepatic and lymphoid lesions occurred in both turkeys and ducklings treated with citrinin.
Citrinin is a secondary metabolite of a number of fungal species belonging to the genera Penicillium and Aspergill~s.~* lo In most reports of the acute toxicity of citrinin, the principal histological lesions have been in the kidney, and the nephrotoxic effects of citrinin were considered the principal cause of death.* During our investigations of citrinin mycotoxicosis in turkey poults and ducklings, it was observed that renal lesions were prominent in the turkey, but were mild in ducklings and could not be established as the cause of death in ducklings. Because of these species variations in the severity of the renal lesions, other studies were undertaken to define the sequential development of lesions produced in turkeys and ducklings by a single lethal dose (LDSo) and to define certain clinicopathologic alterations in ducklings.
Materials and Methods
White male turkey poults of the Nicholas strain were obtained at one day of age from a commercial hatchery (Armour Hatchery, Patoka, IN), and one-day-old male White Pekin ducklings were supplied by Maple Leaf Farms, Inc., Miiford, IN. The turkey poults were kept in wire-floored brooding cages at 37°C for 14 days. Ducklings were housed in a heated room (26°C) under a direct heat lamp (250 watt) until they were seven or 14 days old. The birds were accli-mated and observed daily without handling. The same nonmedicated commercial starter mash was used for both species and fresh tap water was available ad libitum. Sequentially numbered aluminum wingbands were randomized, affixed to the wing web, and birds were placed in dose groups according to the wingband number sequence.
Citrinin preparation and establishment of its identity and purity were as previously described.' I. '' Citrinin was dissolved in dimethyl sulfoxide-70% ethanol (3: 1, volume/volume). The solvent exposure was 5 ml/kg body weight for treated and control groups. Oral dosages were administered into the crop using a one ml plastic tuberculin syringe and a curved 7.5 cm dosing needle. Feed was withheld for two hours before dosing.
During the determination of the 72-hour LD50 value for citrinin in seven-day-old ducklings, eight dose groups and a solvent control group (ten ducklings each) were used. Oral dosages of 1 10, 100, 90, 80, 70, 50, 40, and 30 mg citrinin/ kg body weight were used. The approximate time of death for each duckling was recorded. The LD50 and the upper and lower confidence limits (95% confidence interval) were calculated5 on the basis of the percentages of ducklings dead 72 hours after administration. 12 Seven-day-old ducklings were given a single dose of 57 mg citrininlkg body weight. Control ducklings were given an equivalent volume of solvent. Both groups were housed in the same room and under the same conditions. Five ducklings from each treatment group were used for collection of blood at 3, 6, 12, and 24 hours after administration. Five ducklings were killed before treatment (0-time). Blood was collected from the medial plantar metatarsal vein in a Micro Blood Collecting tube (Corning, Medfield, Mass.) containing ammonium heparin for blood gas determination. The ducklings then were killed by cervical dislocation and blood was placed in tubes without anticoagulant. After centrifugation, serum was harvested for chemical determinations. Sodium and potassium concentrations were determined by flame photometry (Instrumentation Laboratories, Flame Photometer, Lexington, Mass). Measurement of oxygen was by a Clark-type electrode. A Severinghaus-Stow type electrode measured carbon dioxide and a flow-through glass capillary and reference assembly measured pH (Corning pH/Blood Gas 165 Analyzer). Total carbon dioxide, bicarbonate, and base excess were calculated by the machine based on the Henderson-Hasselbalch equation.
Thirty-five 14-day-old turkeys were given a single dose of 56 mg citrinin/kg body weight (the LD50 for seven-day-old turkeys) and thirty-five 14-day-old ducklings were administered a single dose of 57 mg citrinin/kg body weight (the LD5o for seven-day-old ducklings). Groups of five birds each were killed by cervical dislocation at 1, 3, 6, 12, 24, 48, and 72 hours after administration. Control birds (35 birds of each species) given an equivalent volume of solvent were killed at the same time intervals. Tissues obtained at necropsy were fixed in neutral buffered 10% formalin and additional specimens of kidney were fixed in Russell's solution. Fixed tissues were embedded in paraffin and sections were stained with hematoxylin and eosin (HE). Selected sections of kidneys also were stained with Weigert's iron hematoxylin.
Statistical analysis of clinicopathological data used a program in the Statistical Package for the Social Sciences (SPSS), 2nd ed.15 at the Purdue University Computer Center. Digital (CalComp) Plotting was used to elicit interaction between control and citrinin-treated data. Homogeneity of variance was determined by Cochran's and the Bartlett-Box tests. Normality of data was determined by the Shapiro-Wilks test and Normal Probability Plot. Data were analyzed with a twoway analysis of variance on all variables first (Multivariate ANOVA) and each variance separated. Differences between observed means were considered statistically significant when P 5 0.01.
Results
In the acute toxicity study (LD50 study), ducklings typically lost weight, reduced spontaneous activity, remained in sternal recumbency for one to two hours and became comatose prior to death. Most treated ducklings which died (49/80) did so within four to 12 hours of citrinin administration. No time of death was recorded for six ducklings. The peak in deaths occurred about six hours after administration ( fig. 1 ). The single oral dose LD5o calculated by probit analysis' and using all groups was 56 mg/kg body weight (confidence interval 46-65) and was identical to the LD5o calculated when only three dose groups were used. 12 In ducklings of both the clinicopathological and sequential studies, depression was mild and lasted for 0.5 to one hour in both principals and solvent controls. In the sequential study, the first clinical sign of toxicity in turkeys was marked depression for one to two hours. Turkeys given only the solvent were depressed moderately for less than an hour. The most depressed and clinically affected birds were selected for necropsy or blood collection at the earlier time intervals. Citrinintreated birds of both species had increased water consumption and liquid fecal droppings.
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The clinicopathological alterations were elevated serum potassium concentration, reduced blood pH and base excess values. The concentration of potassium in citrinin-treated ducklings was increased at three hours, peaked at six hours, and declined but remained above normal at 12 and 24 hours after dosing ( fig. 1 ). It was, however, significantly (P 5 0.0 1) greater at all times in treated than in untreated and solvent-control ducklings. Sodium values were decreased at three hours in both controls and principals and then tended to increase with time ( fig. 1 , table I), but the values were not statistically different between citrinin and control ducklings. The blood pH decreased and base excess values decreased (became more negative) (table I) in citrinintreated ducklings (significant at P 5 0.01), and the changes were greatest at six hours after dosing. Changes in other measured components were not statistically significantly different between treated and control ducks.
In the sequential study, citrinin-treated turkeys had enlarged, yellow to gray kidneys and these gross changes were more severe in turkeys killed from 12 to 72 hours after dosing. No gross lesions were seen in the kidneys of turkeys killed at three hours and the lesions were considered mild at six hours. No gross alterations were observed in citrinin-treated ducklings or in control ducklings and turkeys. The gross and histological alterations of the additional groups used in the acute toxicity (LDSo) study were identical to those reported previ-
In the sequential studies, microscopic alterations were found in the kidneys, liver, thymus, cloacal bursa (bursa of Fabricius) and cecal tonsil (turkeys only). The lesions were more severe in turkeys than in ducklings (table 11) .
Renal lesions in turkeys were observed from three to 72 hours after administration and were most severe in turkeys terminated 12 hours after administration. The earliest histological alterations in renal tubular cells were nuclear pyknosis and condensation of cytoplasm (three hour). Later, the renal alterations were principally foci of necrotic renal tubules throughout the cortical regions. Individual tubules or groups of a few renal tubules were necrotic and both proximal and distal convoluted tubules were affected ( fig. 2 ). Necrotic cells sometimes were observed in the medullary collecting tubules and the collecting ducts of medullary regions (medullary cones). Necrotic cells often were detached from the basement membrane and had pyknotic or lysed nuclei and finely granular and more eosinophilic cytoplasm. Exfoliated cells were either free within the tubular lumina forming cellular casts or were mixed with proteinaceous material. Tubules containing proteinaceous material were found from six to 72 hours and were most numerous at 48 hours after dosing.
ously. '2
Dilated tubules were found often in the cortical regions ( fig. 3 ) and were observed at 12 through 72 hours after treatment. Clefts (fig. 3 ) produced by urate crystals and a mild granulomatous reaction (tophi) were associated with the presence of deep purple granular material in foci of necrotic tubules. These changes were found at 48 (4/5) and 72 hours (3/5) after dosing. Regeneration of tubular epithelial cells ( fig. 4) was characterized by the presence of groups of cells with vesicular nuclei, a high nuclear to cytoplasmic ratio and by mitotic figures. Tubular regeneration was moderate and was most obvious at 48 and 72 hours after dosing. The glomeruli were histologically normal.
In ducklings, renal lesions were observed only in those birds killed six to 24 hours after dosing (table 11). The alterations were necrosis of renal tubular epithelium ( fig. 5 ) and a few dilated tubules containing protein in the medullary regions (cones). Necrotic tubular cells with pyknotic nuclei often were separated from the basement membrane.
Hepatic lesions consisting of randomly distributed foci of coagulative necrosis were found in one citrinintreated turkey of each group killed at six and 12 hours after dosing. Mild to moderate bile ductule cell hyperplasia was found in 20 to 80% of citrinin-treated turkeys terminated at six, 12, and 24 hours after administration, and these cells with round to oval nuclei frequently formed clumps without lumens. In ducklings, hepatocytic vacuolation was observed in both principals and controls, but was more severe and frequent (5/5) in Table 11 . Renal lesions and seventy in turkey poults and ducklings given the single oral dose-LDSo of citnnin dissolved in dimethyl sulfoxide-70% ethanol (3: 1 volume/volume) 
Solvent control Citrinin-treated birds with renal lesions and seventy
those principals killed at 24 hours after administration. Necrosis of lymphoid tissue occurred in the thymus and cloacal bursa in both treated and control turkeys and ducklings, but was more severe in the citrinintreated birds, particularly those killed during the first 24 hours after dosing. Necrosis of thymic lymphocytes without significant lymphoid depletion was limited to the cortex and was most severe (moderate to marked) in turkeys killed at 12 to 24 hours after administration. In ducklings, necrosis of thymic lymphocytes was mild to moderate in birds terminated at six hours after administration.
Lymphoid necrosis and depletion in the cloacal bursa were more severe in turkeys ( fig. 6a ) than in ducklings ( fig. 66 ) and the most severe lesions were found in citrinin-treated turkeys killed at 24 hours after dosing. In the cloacal bursa of both species, necrotic lymphocytes were present in both the cortex and medulla of the lymphatic follicles, but lymphoid necrosis was more severe in the medulla than in the cortex. Lymphoid depletion generally was restricted to the medulla of lymphatic follicles in both species. The cloacal bursa was histologically normal by 72 hours in all turkeys and most ducklings (4/5). The epithelium of the mucosa of the cloacal bursa was normal at all time intervals.
Lymphoid necrosis and depletion were mild in both germinal centers and the surrounding lymphoid tissues of the cecal tonsil of citrinin-treated turkeys terminated from three to 12 hours (7/15) after dosing and in solvent control turkeys (2/5) terminated at 12 hours. No lesions were found in the spleen, upper and lower intestinal tract, and the pancreas.
Discussion
These studies confirmed our previous finding that citrinin is a potent nephrotoxin in the turkeyI2 and established that its nephrotoxicity in ducklings is less severe than in turkeys. These studies also established that the toxic effects on renal tubular epithelium occurred early, within a few hours after dosing.
The mechanism of the in vivo toxic renal effects has not been established, but may be related to the fact that citrinin is excreted by the kidney. This is the major organ of excretion in the rat and probably is the major organ of excretion in the duck and turkey as well, but no studies to establish this in these species have been reported. Citrinin may produce its cellular toxicity in vivo by altering cellular metabolism such as has been demonstrated in in vitro systems. In cultures of hepatoma cells, citrinin inhibited ribonucleic acid (RNA) synthesis after ten minutes, protein synthesis after 20 minutes, and deoxyribonucleic acid (DNA) synthesis after 120 minutes! Other studied8 have demonstrated that citrinin toxicosis resulted in changes in the composition of tissues. They found that a single dose of 35 mg/kg citrinin given intraperitoneally to mice resulted in reduction in the content of DNA, RNA, and protein of the liver and kidneys within the first 48 hours after injection. Such biochemical alterations were associated with fatty change in hepatocytes, depletion of glycogen, and increased hepatic cell mitosis, but no lesions were described in the kidneys.
Renal, hepatic and lymphoid tissue lesions produced by citrinin in two-week-old turkeys and ducklings were less severe than those found in seven-day-old turkeys and ducklings given the single dose LDs0.I2 The reason for this difference in response was not studied specifically, but higher activities of microsomal enzymes in the older birds could have increased the detoxification of citrinin and resulted in a lower susceptibility in the two-week-old birds. Other investigations have observed differences in response to toxicants between animals of different ages. Others found that neonatal rats were more susceptible (lower LD5o.J to aflatoxin B I , ochratoxin A and rubratoxin B, than were adult rats.6 Agerelated differences in LD50 values have been observed in chickens exposed to the antibiotic A 20420 and in chickens fed Fusarium spp culture diets.I9
The hepatic and biliary lesions in the turkeys of this study were similar to, but milder than, those observed in another study. l 2 Hepatic (6-24 hours) and lymphoid lesions (12-24 hours) were most extensive and occurred at essentially within the time span of renal lesions in those turkeys with severe nephrosis (6-24 hours). These observations support the proposition that lesions in other organs may be secondary to renal damage. Renal damage could have decreased excretion of the mycotoxin with consequent increase in serum concentrations making it more readily available for metabolism by the liver and other organs with resultant damage to these tissues."
Lymphoid necrosis and depletion were less severe in the two-week-old turkeys and ducklings of this study than in the one-week-old turkeys and ducklings of a previous study." This reduction in severity of the lymphoid lesions could be indicative of increased resistance by the older birds to experimental stress. The lymphoid lesions, however, were more severe in turkeys than in ducklings and the severity paralleled that of the renal and hepatic lesions. Such observations suggest that the lymphoid lesions in turkeys may represent a combination of direct toxic effects of the mycotoxin and nonspecific stress factors. Hyperkalemia was a prominent feature of the mycotoxicosis in ducklings and serum potassium concentration was greatest six hours after citrinin administration. The peak of hyperkalemia coincided with the peak of metabolic acidosis and mortality (six hours) suggesting that hyperkalemia and metabolic acidosis were contributory to death of the ducks. It is known that elevated concentration of potassium adversely affects neuromuscular transmission, particularly in the myocard i~m .~ This could explain the comatose condition of the ducklings of our studies prior to death. Citrinin also can cause depression of the amplitude of myocardial contraction and at higher concentration can cause depression of both cardiac contractility and tone. ' The mechanism by which citrinin produced hyperkalemia was not determined, but the elevation of serum potassium may be associated with inhibition of renal sodium-potassium ATPase. Inhibition of this enzyme by citrinin in renal tissue and not in other organs has been observed in mature rats.I6 In those studies, the kidneys were not examined histologically and the status of the renal tubules was not presented. However, Jordan et al' have found that doses such as used by Patil et all6 produced marked renal tubular necrosis. Thus, the depression of enzymic activity may be a reflection of renal tubular damage rather than the cause. Serum potassium was elevated 12 hours after citrinin administration when tubular necrosis was prominent.s Other observations do not support a role for renal sodium-potassium ATPase inhibition in the production of hyperkalemia in our ducklings. Potassium homeostasis is achieved in part by an exchange reaction by which sodium from the tubular fluid is exchanged for potassium from the cell.14 It would, therefore, be expected that retention of potassium and hydrogen cations should be associated with decreased serum sodium concentration if no other factors affecting serum sodium concentration were operative. No such decrease was found in our ducklings (table I) . Thus, it is possible that the hyperkalemia was a reflection of the blocking of the re-entry of extracellular potassium into the renal tubular epithelial cell and possibly other tissues rather than due to renal sodium-potassium ATPase inhibition. This mechanism is similar to that offered to explain the results obtained in studies in rats with the monocarboxylic A 204 antibiotic. 13 In the rat studies, serum potassium was increased at five hours after administration but was decreased at the 24-hour time interval. A marked loss of intracellular potassium occurred from blood cells and other tissues and there was evidence that re-entry of potassium into the cell was blocked by the antibiotic by an unexplained mechanism. It was concluded that it was the distribution rather than total body loss of potassium that was responsible for the toxicity of A 204. 13 Metabolic acidosis is a nonspecific change with a number of possible causes. In our ducklings the temporal relationship between the acidosis and hyperkalemia suggests cause and effect. In view of the low degree of acidosis, it seems most reasonable that hyperkalemia is the primary condition. The mechanism by which hyperkalemia can result in metabolic acidosis is competition between hydrogen and potassium for exchange with sodium in the renal tubules. This competition concept evolved from acute experiments in which potassium loading increased potassium excretion and decreased secretion of hydrogen ion.'4
These studies indicate nephrosis was the likely cause of death in turkeys and hyperkalemia was contributory as a cause of death in ducklings.
